Imaging antiferromagnetic domains in GdNi
We describe investigations of antiferromagnetic domains by resonant magnetic diffraction using linearly polarized x rays at the L 2 edge of Gd in GdNi 2 Ge 2 . Studies of single domains and images of these domains provide details of the magnetic transition from a collinear antiferromagnetic structure for 16 K Ͻ T Ͻ 27.5 K to a spiral structure for T Ͻ 16 K. This technique may be used to discriminate between antiferromagnetic domains that differ in their modulation or moment direction, and between the ordering of different magnetic species. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2132534͔
Until quite recently, investigations of domain structures in antiferromagnetic ͑AFM͒ materials were limited to either directly imaging the magnetic domains by neutron topography techniques, 1 or indirectly imaging the magnetic domains through their attendant magnetoelastic distortions using x-ray topography. 2 With the availability of high brilliance x-ray beams at third generation synchrotron sources, new techniques in AFM domain imaging have rapidly advanced. For example, AFM domain images from Cr have been obtained through nonresonant x-ray magnetic diffraction with focused undulator radiation. 3 Circularly polarized x rays have been used to image chiral domains in rare-earth metals. 4 AFM domains in epitaxial thin films have been studied by high spatial resolution photoelectron emission microscopy ͑PEEM͒ with contrast generated by the large x-ray magnetic linear dichroism effect at the multiplet-split L edges of transition metals. 5, 6 X-ray resonant magnetic imaging ͑XRMI͒ offers features complementary to both PEEM and nonresonant magnetic scattering. While nonresonant magnetic scattering probes the average magnetic structure associated with all magnetic species, resonant scattering, like PEEM, is element specific since x-ray absorption edges are well resolved in energy. In contrast to PEEM, but similar to nonresonant magnetic diffraction imaging, the image is formed by monitoring the diffracted beam intensity as the incident beam is scanned across the sample. This means that XRMI is not only element specific, but is sensitive to the modulation wave vector of the structure and the magnetic moment direction. 7 XRMI, therefore, may be used to discriminate between antiferromagnetic domains that differ in their modulation or moment direction and between the ordering of different magnetic species. Here, we describe the imaging of antiferromagnetic domains by x-ray resonant magnetic scattering ͑XRMS͒ using linearly polarized x rays at the L 2 edge of Gd in GdNi 2 Ge 2 , allowing us to elucidate the details of a magnetic transition from a collinear AFM structure for 16 K Ͻ T Ͻ 27.5 K to a spiral structure for T Ͻ 16 K.
Single crystals of GdNi 2 Ge 2 ͑ThCr 2 Si 2 -type structure, space group I4 / mmm͒ were grown at the Ames Laboratory using a high-temperature flux growth technique. The crystals form as platelets with the unique c-axis perpendicular to the surface. GdNi 2 Ge 2 orders antiferromagnetically below the Néel temperature of approximately T N = 27.5 K.
8 Specific heat measurements have indicated an additional phase transition below approximately 17 K; however, detailed information concerning the change in the magnetic structure at this transition was unknown. In previous XRMS investigations, it was determined that the magnetic modulation vector over the entire temperature range below T N is incommensurate with = 0.808 ͑at T =8 K͒, and the Gd magnetic moments are confined to the basal plane. 9 No signature of the additional phase transition was found, so that no conclusion concerning changes in the magnetic structure with temperature could be made in this measurement.
The present XRMS experiments were performed on the 6ID-B Beamline at the Advanced Photon Source at Argonne National Laboratory. A double-crystal Si͑1 1 1͒ monochromator was employed to select the incident photon energy. A bent mirror was used to focus the beam, and suppress higherorder harmonics. The resonant scattering measurement was carried out with the incident radiation linearly polarized perpendicular to the scattering plane ͑-polarization͒. The cross-sectional area of the beam was defined with mechanical slits and varied from 200ϫ 1000 m 2 for the initial XRMS measurements to 25ϫ 50 m 2 for the XRMI measurements. The energy was tuned to just above the Gd L 2 absorption edge ͑E = 7.934 keV͒ to maximize the resonant dipole ͑E1͒ scattering arising from transitions from the 2p core level to the empty 5d states above the Fermi energy that are spin polarized through the 4f-5d exchange interaction. 10 Pyrolytic graphite was used as an analyzer for polarization and energy analysis of the scattered photons.
The sample ͑mosaic of 0.01°full width at half maximum͒ was mounted on a copper holder in a closed-cycle He displex refrigerator with the surface normal parallel to the crystalline c axis and the axis of the cold finger of the displex. This configuration allows the sample to be rotated around scattering vector Q ͑parallel to the c axis͒ while Q is constant. In such an azimuth ͑͒ mode, either the a-c ͑de-fined as =0°͒ or b-c ͑defined as = 90°͒ planes can be brought into coincidence with the scattering plane through a rotation of . Since the resonant dipole E1 scattering is sensitive only to the component of the magnetic moment within the scattering plane, with a cross section f 2 ϰ ͓kЈ · ͔ 2 ͑where kЈ and are the wave vector of the scattered photons and the direction of the magnetic moment, respectively͒, 11 all three cartesian components of the moment may be probed in this mode without remounting the sample.
Below T N = 27.5 K, but above a second transition at T t = 16 K, scans along the ͑0 0 L͒ direction from L = 4.9 to 7.1 show first-and third-harmonic magnetic satellites at ͑0 0 6±͒, ͑0 0 4+3͒, and ͑0 0 8−3͒ with Ϸ 0.803 at T = 20 K. The presence of the higher-order harmonics is consistent with a collinear antiferromagnetic structure that is "squared up." Below T t , however, the third-harmonic satellites abruptly disappear, indicating that the magnetic moment configuration has transformed to an equal moment spiral structure. This is consistent with the fact that the full moment must develop at low temperature, as the order parameter saturates in the absence of crystalline electric field effects for Gd ͑L =0͒. 12 For the geometry used in this XRMS experiment, the moment direction can be determined by measuring the azimuth dependence of the magnetic peak intensity. In the case of the higher-temperature collinear structure, if the magnetic moments are constrained to the basal plane of the tetragonal unit cell along, say, the a axis, the magnetic scattering will be a maximum for = 0°and a minimum for = 90°. Typically, however, this azimuth dependence is obscured by the existence of microscopic equally populated domains for high symmetry ͑e.g., tetragonal͒ structures, corresponding to regions where the moment is along a or equivalently along b. One would then expect to observe no azimuth dependence in the magnetic scattering. For a spiral structure with moments confined to the basal plane, no azimuth dependence of the magnetic scattering should be observed using linearly polarized x rays, but chiral domains can be investigated using circularly polarized radiation. 4 In order to study the magnetic structure of a single domain from the sample, we selected a high angle magnetic reflection, ͑0 0 6+͒, and reduced the incident beam size to 50ϫ 100 m 2 . The illuminated area of the sample surface for this reflection angle and beam size was then 100 ϫ 100 m 2 . The magnetic scattering from a single magnetic domain is shown in Fig. 1 . The azimuth dependence of the scattering in the high temperature phase unambiguously shows that the magnetic structure is described by a collinear moment arrangement, while the low-temperature magnetic structure is spiral. The azimuth dependence of the magnetic intensities can be fit using a single-domain magnetic structure model where the magnetic intensity can be expressed as:
for a tilted spiral structure and
for a tilted collinear structure ͑with moments close to the a axis͒. Here, is the azimuth angle, is the scattering angle for the reflection, and ␣ is the angle between the tetragonal a-axis and the plane in which the magnetic moments lie. The fits yield the same tilting angle of ␣ = 10± 2°for both magnetic structures.
From the data in Fig. 1 , we also see that the AFM domain size in GdNi 2 Ge 2 is in excess of 100ϫ 100 m 2 , allowing us to attempt to map the distribution of the domains and their temperature dependence. Using the same geometry as for the XRMS experiment, the XRMI measurements were accomplished by further reducing the beam size to 25 ϫ 50 m 2 ͑corresponding to an illuminated area of 50 ϫ 50 m 2 ͒ and scanning the sample across the incident beam in 50 m steps over a range of ±1 mm. At each step, the intensity was measured in a rocking ͑͒ scan of 0.1°for 4 s. The maximum intensity measured for the magnetic reflection was approximately 1000 counts/ s. The resulting AFM domain map of the sample is shown in Fig. 2 . For the lowtemperature spiral phase ͓Fig. 2͑b͔͒, a nearly uniform image across the sample is observed, consistent with the absence of a strong azimuth dependence of the scattering in Fig. 1 .
Above T t = 16 K, in the collinear structure, the strong contrast in the magnetic scattering between neighboring regions of the sample arises from domains that have their magnetic moments either within or perpendicular to the scattering plane at a given azimuth. Figures 2͑c͒ and 2͑d͒ show the XRMI image for azimuth angles of 0°and 90°at a temperature of 17 K. The bright areas represent the domains in which magnetic moments are in the scattering plane while the dark areas are domains in which the magnetic moments are nearly perpendicular to the scattering plane. We also note the existence of domains with moment directions aligned along the basal plane diagonal ͓1 1 0͔ ͓Figs. 2͑e͒ and 2͑f͔͒. While these domains could have been detected through a detailed analysis of the scattering data, they are readily identified in the images in Fig. 2. In Fig. 2͑g͒ , the azimuthal dependence of selected spots shown in panel ͑c͒, is plotted, confirming the identification of these regions with domains with moment directions nearly along the ͓1 0 0͔, ͓0 1 0͔ and ͓1 1 0͔ directions in the collinear phase.
XRMI provides an important new tool for investigations of domains in antiferromagnets complementary to emerging techniques, such as PEEM and nonresonant scattering. Contrast between different AFM domains can arise from differ- ences in moment orientation, slight differences in the modulation wave vector as well as elemental selectivity. XRMI, then, can be applied to multicomponent magnetic systems, such as intermetallic rare-earth/transition metal compounds where both species may carry a moment ͑e.g., GdMn 2 ͒, in addition to rare-earth intermetallc compounds where proposed multiple-q structures have been reported ͑e.g., HoNi 2 B 2 C͒. We also note that while the AFM domain size in GdNi 2 Ge 2 was large enough for a sizeable incident beam, even micron-sized domains are accessible to investigations using focused beam optics at third-generation sources. 
